Damage accumulation model for aluminum closed cell foams  by Pinto, Hernán & Arwade, Sanjay
Available online at www.sciencedirect.com
ICM11 
Damage accumulation model for aluminum closed cell foams. 
Hernán Pintoa and Sanjay Arwadeb 
aPontificia Universidad Católica de Valparaíso, Avda. Brasil 2147, Valparaíso 2362804, Chile 
bUniversity of Massachusetts Amherst, 130 Natural Resoures Rd., Amherst 01003 MA, U.S.A. 
Abstract 
Although metal foams are a relatively new material, knowledge about their mechanical properties and 
behavior is very extensive for monotonic loads, tension-tension and compression-compression cyclic 
loads. However, there are very few reports of the behavior of metal foams under tension-compression 
reversed loading. In this work, a statistical treatment of the fatigue lifetime is used, and a damage 
accumulation models for aluminum closed cell foams subjected to a fully reversed cyclic loading is 
proposed. To this end, a fatigue analysis and a failure criterion for the material are needed; the fatigue 
models considered is the statistical Weibull model, and the failure criterion is the provided by Ingraham et 
al. Finally, the models developed are compared with the experimental published data by Ingraham et al. 
for validation purposes. 
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1. Introduction 
In this paper, we propose a statistical model for the fatigue lifetime and a damage accumulation 
model for metal foams subjected to fully reversed cyclic loading, that will allows us to obtain directly the 
damage accumulation in metal foams as a function of the number of cycles applied, the total strain 
amplitude, and the initial value of the damage accumulation. Toward this aim, an analysis of the fatigue 
behavior and a failure criterion are necessary. The fatigue behavior will be modelled using the statistical 
Weibull model (Castillo et al. [2-4] and Pinto [5]) and the failure criterion considered, will be the 
provided by Ingraham et al. [1]. 
2. Statistical Weibull model for fatigue life analysis 
The statistical and physical conditions that constrain the model are the weakest link principle, stability, 
limit behavior, limited range and compatibility, and were motivated by rigorous mathematical and 
physical reasoning [2-5]. 
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The only model that satisfies all of these conditions is the Weibull model [2-5], and after a mathematical 
procedure fully described in Pinto [10], we obtain the following expression: 
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where a is the strain amplitude, p the probability of failure, B the threshold value of lifetime, C the 
endurance limit,  the Weibull shape parameter  of the cdf ,   the scale factor,  the parameter that 
defines the position of the corresponding zero-percentile curve, and N* the lifetime. 
From the general model (Eq.(1)), the percentile curves are obtained through the following expression: 
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3. Damage accumulation. 
To describe the evolution of the damage state in the material with number of cycles, a damage 
accumulation model is necessary, and can be expressed in its most general form as: 
 
D = h v1,v2,...,vn( )  (3) 
 
where D is the damage accumulation level, h is the function that provides the level of damage and vi are 
the variables that affect the damage level of the material.  
3.1. Damage accumulation in metal foams 
In developing the damage accumulation model a new definition of the damage state is required, in this 
paper we make use of an innovative measure of the damage state in a closed cell aluminum foam 
undergoing cyclic loading, proposed by Ingraham et al. [1] which can be described as follows: 
Let HC be the compressive pre-peak slope of the stress-strain curve, and let HT be the tensile pre-peak 
slope of the stress-strain curve.  The authors propose that the ratio R = HC/ HT, which is initially close to 
unity, increases as the material becomes more damaged, and failure occurs when R=1.5. This 
characterization provides a convenient scalar measure of the complicated damage process in metal foams, 
although it should be noted that without further testing its use should be restricted to the evaluation of 
damage under fully reversed cyclic loading.  
3.2. Proposed damage accumulation model for metal foams 
We choose an empirical approach given the relative paucity of data available for validating a mechanics-
based model, and the very complicated mechanics occurring at the microscale during fatigue in metal 
foams.  
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The general form of the damage accumulation model will have the form of Eq. (3), and for this particular 
case the variables involved in the problem are the number of cycles (N), the initial damage (R0), and the 
total applied strain amplitude (a). The damage accumulation model, therefore, has the form 
 
R = h N,a ,R0( ) (4) 
 
where R is the damage level, and h is the function that provides the level of damage.  
To fit the parameters of the damage accumulation curves, the selection of a failure criterion and a fatigue 
lifetime model are required.  We choose the failure criterion R=1.5 proposed by Ingraham et al [1] and the 
statistical Weibull model as the fatigue lifetime model, obtaining the following relation for N*: 
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where B, C, , , and  are the non-dimensional model parameters defined above.  
3.2.1. Linear damage accumulation model. 
 
A linear damage accumulation model has the general form: 
 
R = AN + R0  (6) 
 
where A is the model parameter, R0 the initial damage state, and N the number of cycles. 
To estimate the parameter A, we use the failure criterion proposed by Ingraham et al.[1]. Rewriting Eq. 
(6) for failure state, we get: 
 
R* = AN* + R0  (7) 
 
where R* is the threshold value considered for failure (R*=1.5), and N* is the number of cycles to failure. 
After some mathematical work, we obtain the general expression for the damage accumulation model.  
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3.2.2. Quadratic damage accumulation model 
 
We now introduce a quadratic version of the damage accumulation model and show that it can also fit 
with good quality the experimental data. The quadratic model has the following general form: 
 
R = A1N + A2N
2 + R0 (9) 
 
where A1 and A2 are the model parameters, R is the damage level at N is number of cycles, and R0  is the 
initial damage level. Numerical experiments in curve fitting of the quadratic form to the experimental 
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data showed that A1 could be discarded because it is very small in comparison with the value of A2, 
indicating that the quadratic term dominates the linear term. The general formula becomes: 
 
R = A2N
2 + R0 (10) 
 
The A2 parameter is estimated as follows. For the failure condition, Eq. (10) becomes 
 
R* = A2N
*2 + R0 (11) 
 
where R*=1.5 corresponds to the failure criterion defined by Ingraham et al.[1], and N* is the lifetime. 
After a simple mathematical manipulation, the general expression for the quadratic damage accumulation 
model is, 
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4. Practical application 
A practical application of the models, using the published data by Ingraham et al. [1] is now presented. 
The procedure is divided in two steps; in the first, the fatigue analysis of the available data is performed, 
then, using the model proposed and the parameters obtained through the fatigue analysis, the damage 
accumulation curves are obtained. 
Using the model described in section 2 we are able to obtain the parameters of the Weibull model: 
Table 1. Weibull model parameters 
   B C 
3.2997 8.9378 104.797 -12.9515 -7.4066 
 
Using the Eq.(8) and Eq.(12) for linear and quadratic models, we obtain the damage accumulation curves. 
Results are presented in Figs. 1 and 2 for the linear and quadratic model respectively, where the results of 
the modelling example are shown with dashed lines and the experimental results [1] are shown as solid 
lines. Each panel in the figures represents a set of tests performed at fixed applied total strain amplitude, 
as indicated in the figure.   
5. Conclusions 
A statistical model for damage accumulation and fatigue lifetime in closed cell aluminum foam under 
fully reversed cyclic loading has been proposed. The procedure developed considers linear and quadratic 
damage accumulation models, the Weibull model for the fatigue life, and the total strain amplitude as 
measures of the applied loading. 
The Weibull model developed by one of the authors in his previous work is found to be suitable for 
modelling the fatigue behavior of metal foams for tension-compression loading cycles. 
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Both linear and quadratic models for damage accumulation provide adequate predictions of the fatigue 
lifetime, but the quadratic model better approximates the rapid acceleration of damage accumulation 
when the fatigue life is approached. 
The importance of the procedure proposed is that it allows us to model statistically the fatigue behavior of 
metal foams for the case of fully reversed cycles. In addition to this, a new procedure has been developed 
through which we are able to obtain the damage accumulation curve of aluminum closed cell foams 
subjected to fully reversed cycles. In this approach the damage accumulation model and the fatigue 
lifetime models are completely and mathematically integrated. Finally, this new procedure allows us to 
use the total strain amplitude as the controlling load parameter. 
 
 
Fig. 1. Damage accumulation curve for different strain amplitudes using the linear model. 
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Fig. 2. Damage accumulation curve for different strain amplitudes using the quadratic model. 
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